ABSTRACT A marine controlled-source electromagnetic transmitter is an important and effective detection device for detecting methane hydrate zones and oil and gas reservoirs on the seafloor. With the deepening of its research, large current transmission has become a prevalent means to achieve deeper detection. However, the increase of current causes severe electromagnetic interference in the transmitting chamber and results in a large error in the collection of temperature and power supply voltage. Therefore, it is essential to improve the anti-interference ability of the acquisition system. In this paper, we analyzed the main interference sources and their conduction, and designed a distributed acquisition system based on the controller area network bus and used a variety of anti-interference methods to reduce the effect of interference. To verify the system's reliability, we simulated a marine environment and tested it. The experimental results showed that the system still could send the real-time data accurately to the mainframe monitoring system when the transmitting current was up to 1528 A.
I. INTRODUCTION
The Marine Controlled Source Electromagnetic (MCSEM) Method [1] has a good detection capability for hydrocarbons [2] whose resistivity differs from that of the surrounding deposition layer. It is widely recognized in the industry as an effective method for submarine gas hydrates exploration, and has been included in the normal exploration procedure in the western marine oil and gas exploration field [3] .
Research has shown that as the buried depth of detection objects increases, the corresponding deep geoelectric information can be obtained only by increasing the power supply current and the detection sensitivity of the receiver [4] . Thus, the development of large-current transmission systems is the basis of deep-water oil and gas detection. MCSEM teams in the United States and many European countries have achieved large-current transmission. They include Scripps Institution of Oceanography (SIO), who developed the SUESI-500 transmitter [5] - [7] ; PGS, who realized a 7000 A transmitter in the sea; and Electromagnetic Geoservices (EMGS) [8] , who developed 1250 A, 1500 A, 7200 A, and 10000 A transmission processes. In recent years, China University of Geosciences (Beijing) began to independently design and develop MCSEM instruments supported by the National 863 Plan and the National Key Research and Development Program [9] . In previous studies, we successfully developed a 500 A transmitter and tested it in the South China Sea. A diagram of the MCSEM deep-tow transmitter system developed is shown in Fig. 1 .
The deep-tow transmitter system consists of two parts: a deck unit and a deep-tow unit [5] . The deck step-up transformer provides enough power for the submarine inverter module through the deep towing cable. The submarine step-down transformer converts the high three-phase alternating current (AC) into low AC. The rectifier module then converts it into a direct current (DC) busbar voltage supplied to the high-power electromagnetic pulse inverter module. Finally, the main control unit inverts the DC voltage into AC square wave signals with a certain frequency in the seawater [5] , [10] . In this process, monitoring of the temperature and busbar voltage of the Insulated Gate Bipolar Transistor (IGBT) is very important. The transmitting current is determined by the busbar voltage. The transmitting current increases when the busbar voltage increases. At the same time, IGBT power consumption will increase, and temperature will increase. A very high IGBT temperature will cause failure of bonding wire fuse, solder failure, and substrate damage [11] . Real-time monitoring of the temperature can furnish the operation status of system on a timely basis and avoid system collapse. Thus, real-time dynamic monitoring of junction temperature to enhance system reliability is very significant [11] . At the same time, the busbar voltage directly reflects the transmitter system operation. As a result, if the monitoring operation cannot be realized, the operational status of the transmitter cannot be understood and the safe and controllable transmission cannot be realized. However, in several South China Sea experimental tests, a powerful electromagnetic interference appeared in our transmitter system, resulting in a large error in the acquisition system. Therefore, an acquisition system with a strong anti-interference ability must be designed to accurately measure temperature and voltage.
II. INTERFERENCE ANALYSIS OF LARGE CURRENT
The acquisition system works in a self-designed underwater transmitter, which contains not only a submarine stepdown transformer, a rectifier module, an inverter module, and other strong power modules, but also weak current modules, such as the main control unit and status monitoring module.
The interference in the underwater transmitter is very complex during transmission: transient electromagnetic noise arose from the quick on-off of the switch device; crosstalk occurred between the transmission lines; electromagnetic interference was generated by high voltage cables; etc. Existing studies [12] , [13] showed that most of the interference in this kind of power system was derived from the switch device IGBT. As a result, the interference mechanism and the propagation path of IGBT were the main areas analyzed.
IGBT produces high du/dt and di/dt during switching transitions. Parasitic capacitance and parasitic inductance are present in the circuit because of the non-ideal components and circuits in the system. These large fast current and voltage spikes generate a huge electromagnetic interference once they pass through the parasitic parameters and oscillate. We established a simple interference model based on this principle (Fig. 2) . The surge voltage (U ) was generated when the large rapidchanging current passed through the parasitic inductance (L 1 L 4 ) of the connection line between the IGBT. The voltage propagated along the circuit, forming a transient disturbance voltage:
where L is the sum of the parasitic inductance (L 1 L 4 ); di/dt is the current rate of change during switching transitions; and U D is the busbar voltage. This disturbance voltage is transmitted along IGBT to the busbar, and is coupled to the acquisition circuit when the busbar voltage is collected, which causes noise interference. Therefore, much noise can be observed in the busbar voltage during sea trial.
A common mode interference current (I CM ) is generated when the rapid changing voltage is continuously charged and discharged to the parasitic capacitance (C 1 C 4 ) formed by the thermal conductive silica gel between the IGBT and the radiator:
where C f is the sum of the parasitic capacitance (C 1 C 4 ); du/dt is the voltage rate of change during switching transitions; The radiator was connected to the public grounding terminal through the transmitter bulkhead; hence, the interfering current caused crosstalk in the weak current module [12] . Numerous analysis results [14] , [15] have shown that by considering only the single parasitic capacitance between the IGBT and the ground, the interference prediction is also very accurate. The main source of interference and its conduction path were ascertained through the analysis outlined above. Therefore, when designing the circuit acquisition model, emphasis should be placed on suppressing the common mode interference and the surge wave voltage on the busbar to ensure normal operation of the acquisition circuit.
III. SOLUTION METHOD ANALYSIS

A. ANALYSIS OF THE ORIGINAL PLAN
We used the collection method of analog signal transmission in the past (Fig. 3) . A simple LM35 temperature sensor was used for temperature collection. Its output voltage was directly transmitted to the control module after adjustment and magnification. The present temperature could be obtained using the linear relationship V out = 10m/ • C × T . However, the interference from ground wire coupling was superimposed on the power supply and the signal circuit, which made the collected data fluctuate and become extremely inaccurate, because the sensory temperature portion was connected to the ground wire of the chip. As for voltage detection, the method of direct collection and analog transmission resulted in the voltage signal not only being affected by the surge wave voltage on the busbar, but also by the complex electromagnetic signal crosstalk during transmission.
In this situation, some existing anti-interference methods were needed to optimize the original acquisition system. Many scholars studied the anti-electromagnetic interference of the acquisition system: Zhang et al. [16] used a filter circuit to filter the interference of high-frequency interference to the sensor. Ding et al. [17] and Tao et al. [18] studied the effects of different electromagnetic shielding materials on the space alternating magnetic field. Chen et al. [19] adopted grounding and filtering techniques to suppress electromagnetic interference. However, no relevant solution has been provided for the strong electromagnetic interference of the near 1000 A transmitting current. Therefore, considering the characteristics of common mode voltage and transient high voltage in the circuit, we chose various means, such as isolation, surge protection, and filtering, which could effectively avoid transient high voltage and inhibit common mode voltage.
B. INNOVATIVE SOLUTION ANALYSIS
During the system design process, a new data acquisition that combines the results of interference analysis and the anti-interference technology scheme was proposed. Further, a digital signal transmission scheme was adopted to prevent the common mode interference from the power system and transmission channel. At the same time, an isolation design was added to the data collection and transmission system to improve its anti-interference performance and the data collection accuracy. Fig. 4 depicts the proposed innovative acquisition scheme.
We adopted a distributed acquisition method, because the collection locations are dispersed, and radiation interference during transmission is serious. Each acquisition board is controlled by a respective microcontroller unit and communicates through a controller area network (CAN) bus with strong anti-interference ability and reliable performance. The acquisition system is composed of four IGBT temperature acquisition boards and one DC busbar voltage acquisition main board. The sensors' signals are transmitted to a 12-bit analog-to-digital converter (ADC: AD7991) with an I 2 C-compatible interface. The ADC passes the converted digital signals to the stable PIC18f26k80 microcontroller through an isolation chip, which realizes isolation of the analog and digital parts. After the processing of the microcontroller, the data from different boards are sent to the masterboard through the external CAN bus isolation transceiver. The masterboard then sends them to the ARM controller. Finally, the ARM controller of the control cabin sends all the data to the upper computer through the optical fiber to realize real-time and intuitive display.
The selection of the sensors and the isolation design of the data acquisition circuit were very important when designing the system. We first tried to use the 18B20 temperature sensor produced by the DALLAS company in the United States to send the output digital signal to the CPU by ''1-wire'' serial bus. However, the power module's ripple in the IGBT drive board was so large that a signal line was susceptible to common mode interference in the ground wire, and the data were not recognized. Therefore, this method was abandoned, and a thermistor on the IGBT was used instead. The thermistor was installed near the IGBT silicon chip, which was beneficial for obtaining accurate and real-time IGBT temperature readings. The thermistor was also covered with isolation silicone gel to prevent high-voltage breakdown. A Hall voltage sensor with an isolation voltage of 2.5 kV was adopted for voltage acquisition, which not only made the original and deputy circuits obtain good electrical isolation, but also minimized the impact of the IGBT peak voltage.
In the circuit design, the digital isolation chip was used to realize signal isolation between the PIC microcontroller and the ADC, and reduce the noise of the ground loop. The isolated DC-DC module was used as a power supply unit to isolate the acquisition circuit from the control unit. At the same time, the CAN transceiver and the microcontroller also used isolated power supplies to realize isolation of bus data transmission. In addition, the surge voltage was suppressed in the power input terminal to improve the safety and reliability of the acquisition circuit.
IV. DESIGN OF THE INNOVATION SCHEME
The status of the temperature and the busbar voltage must be monitored in real time to ensure that the busbar voltage and the IGBT temperature do not exceed the maximum rating under the large transmitting current, and the IGBTs are not damaged. The design of this monitoring system is outlined below.
A. TEMPERATURE ACQUISITION CIRCUIT
The thermistor integrated into the IGBT, which has a good temperature measurement effect, was used as the temperature sensing device. A temperature range from −40 • C to 150 • C met the testing requirement. The resistance value was negatively correlated with temperature.
A differential bridge with strong inhibition to common mode interference was adopted to enhance the anti-jamming ability. The precision resistor R 0 was the same as the resistance value of the thermistor at 0 • C, which acted as the zeroing of the bridge. The thermistor acted as the resistance of the other bridge arm. Each bridge arm used a high-precision resistor (10 k ohms, 0.1%, 5 PPM) as a divider resistor; thus, the differential voltage could be calculated according to (4) . The actual temperature could be derived from (3) and (4).
The key to achieving accurate temperature acquisition is accurate measurement of the thermistor. According to (4), the accuracy of the reference voltage (U 0 ), R 0 , and differential voltage (U ) directly affect accurate measurement of the thermistor. Therefore, the zeroing resistor used high-precision resistance (15 k ohms, 0.1%, 5 PPM). Both the excitation voltage and the ADC reference voltage also used an external reference source with high precision and low temperature drift. The ADC reference voltage (U REF ) and the reference voltage (U 0 ) were provided from the same reference source to eliminate the voltage deviation caused by the two reference sources. In short, U REF = U 0 :
At this time, U REF and U 0 on both sides of the equation can be eliminated to avoid the errors caused by the VOLUME 7, 2019 imprecision of external reference sources and improve measurement accuracy.
B. VOLTAGE ACQUISITION CIRCUIT
The peak voltage flows into the acquisition circuit when the IGBT is turned off; hence, a Hall voltage sensor with 2.5 kV isolation voltage was selected to ensure normal operation. The sensor is based on the Hall magnetic compensation principle. Its output current on the secondary side is related to the primary input current as follows:
where N 1 and N 2 are the numbers of turns in the original and secondary coils, respectively; and I 1 and I 2 are the currents of the original and secondary coils, respectively. The input signal of the voltage sensor is a voltage signal. A resistor, R 1 , is needed to convert the voltage signal into a current signal. In the same manner, the output end also needs a measuring resistor to convert the output current into a convenient voltage for ADC acquisition. The measuring resistor is 120 ohms, and the maximum output voltage of the sensor is the ADC reference voltage, which is provided by the AD780BR with an initial error of 1 mV and an output noise of only 4 √ nV /Hz. The maximum current of the secondary side could be calculated to be 20 mA. The maximum current of the primary side could be calculated to be 8 mA according to (6) . The primary resistor could be calculated according to the maximum input voltage. Therefore, the power of the primary-side resistance is more than 1.6 W, and the resistor heating can affect the circuit stability. Therefore, a series parallel connection was adopted to reduce the power of each resistor to the original 1/4. To attenuate the common mode interference signal, a common mode choke was added before the busbar voltage input, and a digital isolation chip was added after the ADC. Fig. 5 shows the specific circuit.
The average filtering method and the linear fitting correction error technique were applied to ensure accurate acquisition and reduce the error caused by random interference and the non-ideal characteristic of the system. The busbar voltage frequency was 800 Hz; hence, according to Nyquist's theory, the sampling frequency was 1600 Hz. The voltage acquisition circuit was calibrated by using a high-precision regulated power supply. The system is distributed comprising four temperature acquisition boards and one voltage acquisition masterboard. As the core of the system, the masterboard, in addition to its own collection function, also has functions for receiving all the information from other boards, uploading, self-check, and automatic reset. Fig. 7 shows the programming flowcharts for the masterboard. The timer and the CAN bus are first set up after the masterboard completes initialization. A continuous cycle is then entered to determine whether the sending flag, CAN flag, is set to one in the loop; otherwise, the timer interrupt and the CAN interrupt wait. The timer interrupt realizes voltage oversampling, average filtering, and setting of the CAN flag. The CAN interrupt realizes the function of receiving information from other boards and storing them into the corresponding buffer.
To avoid clashes in both interrupts, and ensure that all the information that is collected can be uploaded, the timer interrupt priority is higher than the CAN interrupt, and the receiving process occurs between two timer interrupts. Therefore, the time to send information from the slave boards to the masterboard is particularly important. In this work, each slave board receives the masterboard information as a signal and sends messages to the masterboard in 200 ms intervals. In this manner, the masterboard can complete all the reception from four boards in the 800 ms after the first sending without affecting the next sending.
D. ANTI-INTERFERENCE DESIGN
The system is designed from both the hardware and software perspectives to solve the powerful interference issues. In the hardware design, an isolation design is adopted to block the common mode interference path. First, the circuit uses DC-DC to isolate the power supply. The digital circuit is then isolated from the analog circuit to block the interference channel. Second, an isolation chip with 2.5 kVrms isolated voltage (ADUM1250) is incorporated into the circuit to isolate the digital signal and reduce the ground loop noise. Finally, to build a safe, stable, and reliable bus communication network, CAN isolation transceivers with common mode transient disturbance rejection (25 k V/us) are used. They isolate each node and cables and avoid all kinds of electrical noise, common mode voltage, grounding loop, etc.
In addition, the communication lines of the CAN bus network are designed to suppress ambient noise and VOLUME 7, 2019 FIGURE 8. Experimental environment of the system temperature drift. The acquisition system is installed in a container filled with transformer oil, and the temperature is regulated by the water in the tank. The voltage source is used to provide accurate voltage signals. Electronic thermometers are used for the oil temperature measurement.
FIGURE 9.
Test chart of the temperature characteristics. The horizontal coordinate represents the actual temperature, while the vertical coordinate represents the measured temperature. The magnified position shows the error bar when the error was large.
common mode interference using twisted pair shields and magnetic rings. A common mode choke is also at the end of the communication line. This choke filters the common mode electromagnetic interference on the signal line and suppresses the electromagnetic radiation produced by the high-speed signal line, thereby improving the electromagnetic compatibility (EMC) of the system. Transient suppression diodes (5 V, 600 W) and varistors are connected in parallel with the power input interface to form a two-stage surge protection and prevent surge voltages from damaging the circuit. As the first stage, the varistor is used for discharge with a large flux. The transient suppression diode in the second stage absorbs the remaining peak voltage, clamping the overvoltage at a safe level [20] .
From the perspective of software design, not only is the arithmetic average filtering method applied to reduce random interference, a self-detection and watchdog program is also utilized to ensure that the system performs self-checks when working underwater for extended periods. The system can automatically reset once the program deadlocks, which improves the reliability and stability of the system. 
E. MAIN PERFORMANCE INDEX
We independently developed the multi-channel temperature and voltage acquisition system of the high-power MCSEM transmitter. Table 1 shows its performance indexes.
V. PERFORMANCE TESTING A. ACQUISITION PRECISION TEST
According to the effective data of the past sea trial, the internal temperature of the IGBT was up to 90 • C during transmission, and the oil temperature in the transmitter could reach 50 • C. The rising of ambient temperature inevitably affects the acquisition performance. We therefore needed to perform an experimental detection by the system to detect this effect. The test system included the transformer oil container, sink, acquisition system, IGBT, and upper computer. The measurement and comparison were conducted using a highprecision electronic thermometer and a high-precision voltage regulator. Fig. 8 shows the test system.
The masterboard and the slave board mounted on the IGBT were placed into the test device. The water bath heating test was then performed. The test temperature was 70 • C higher than the oil temperature in the sea trial (50 • C). The environment temperature was higher than 60 • C, and the bus communication of the system began to error. The test results showed that the highest working temperature of the system was 60 • C, which met the actual working needs. Further, the bus communication failed thoroughly at 63 • C. Every acquisition board restarted to restore normal operation, and the power consumption of the system was only 1 W.
The system functioned appropriately in the +20 -+60 • C range. The masterboard sent the temperature and voltage information to the upper computer through the serial port. A statistical analysis of the data showed that the error of temperature acquisition was 0.3 • C, and the voltage error was 0.05 V at +20 • C -+45 • C. However, the temperature drift of the system increased as the working temperature increased.
FIGURE 12.
Outdoor simulation experimental environment. The load of the transmitting system is a comprehensive parameter that includes the resistance and inductance in the long transmitting cable, the resistance in the transmitting electrodes, and the coupling resistance between the transmitting electrodes and the earth. other strong magnetic fields, such as well logging [21] , [22] and power cable [23] . Table 2 shows the details.
B. ELECTRICAL FAST TRANSIENT/BURST IMMUNITY TEST
In addition to the above test, we also performed an electrical fast transient/burst test according to IEC 61000-4-4 in Test Lab 117, China University of Geoscience, Beijing, China. The mean temperature, atmospheric pressure, and humidity were 25 • C, 1034.1 hPa, and 34 %, respectively. The test equipment included an electrical fast transient/burst generator (model: EFT61004TA) and a capacitive coupling clamp (model: EFT-CLAMP). We injected 100 kHz group pluses into a 1-m power line and a 4-m single cable. Because the system is powered by an independent battery, we think that the power supply end is subject to very little interference. The test results, which are shown in Table 3 , meet the requirements for the sea test. Fig. 11 shows the setup view and instrument display interface during the applied test.
C. ANTI-JAMMING PERFORMANCE TEST
In early 2018, we simulated the seafloor experiment at an outdoor temperature of 10 • C to verify the feasibility of the scheme. Fig. 12 shows the location of the transmitting load and the acquisition system during the simulation test. In the actual transmission, the load of the transmission system was a comprehensive parameter, including the resistance and inductance in the long transmission cable, the resistance of the emitter electrode, and the coupling resistance between the emissive electrode and the earth. As shown in Fig. 12(1) , a copper coil was positively and negatively connected with the transmitting electrode, replacing the coupling resistance between the transmitting electrodes and the earth. As shown in Fig. 12(2) , temperature acquisition boards were mounted on the IGBT on the bulkhead. The masterboard was installed on the bottom of the transmitting chamber. After the experiment, the data were processed and analyzed. Fig. 13 shows the waveforms of the voltage, current, and temperature stored in the experiment. Fig. 13(1) shows that under the condition of 50 A-750 A transmitting current, the acquisition of voltage and temperature was not affected by the increase of current. The temperature fluctuated normally, but it quickly recovered when the current was switched. The local image magnified in the picture showed that at 533 s, the current, voltage, and temperature changed at the same time, indicating that the data collection boards responded at the same time, and no data were lost. Fig. 13(2) illustrates that, under the condition of a large current above 1000 A, each acquisition board uploaded real-time data. Furthermore, the data waveforms were smooth and stable. The current waveform was locally amplified without load. At this time, the current was up to 1528 A, but the voltage and temperature collection were not affected.
The experimental data were compared with the previous test data using other schemes. Fig. 14 shows the replay waveform from last year's sea test. At that time, the LM35 acquisition scheme was used, and the transmitting current was only 504 A. However, from the local magnification, the average error of the temperature was up to 24.86 • C; the average error of the voltage was 9.15 V; and the actual status of the transmitter could not be obtained because of the excessive error in the sea trial. Measures to suspend the transmission were taken for safety. The efficiency of the field work was also greatly reduced. Fig. 15 presents the waveform of the acquisition scheme using 18B20 in the improved design process. The transmitting current is zero because the power module on the drive board had a larger ripple, and the interference appeared such that the scheme was not continued. Compared with the waveform in Fig. 13(1) , under the same transmitting current, the innovative scheme had minimal error, and the maximum error was only 0.4 • C and 0.12 V. Thus, it can be used to more accurately determine the status of the transmitter. From these results, it is clear that the isolation collection design of the system has good resistance to the electromagnetic interference induced by the transmitting current at the 1500 A level.
VI. CONCLUSION
In this work, because the complex electromagnetic interference environment in the large power MCSE transmitter makes it difficult to quantitatively analyze its interference, the method of qualitative analysis was adopted. Through the analysis, we realized that the main interference was caused by the IGBT during switching transitions, and we examined the main conduction path of the interference. This provides a direction for subsequent circuit design, and also provides a reference for the study of strong electromagnetic interference under large-current conditions.
The isolation design scheme based PIC microcontroller was adopted for the main interference. A surge protection design and a common mode suppression design were added to the power and CAN bus signal lines to prevent electromagnetic interference during large-current transmission. Finally, we tested it from three aspects: acquisition performance, anti-jamming ability, and actual working situation. The experimental results showed that the system has the advantages of strong anti-interference ability, stable operation, and reliable performance and sensitivity, indicating that it can be used for temperature and voltage collection in strong electromagnetic interference environments. This research offers a new design for the subsequent realization of status acquisition under the condition of MCSEM large current transmissions. 
